Dirac-like electrons in solid state have been of great interest since they exhibit many peculiar physical behaviors analogous to relativistic mechanics. Among them, carriers in graphene and surface states of topological insulators are known to behave as massless Dirac fermions with a conical band structure in the two-dimensional momentum space, whereas electrons in semimetal bismuth (Bi) are expected to behave as massive Dirac-like fermions in the three-dimensional momentum space, whose dynamics is of particular interest in comparison with that of the massless Dirac fermions. Here, we demonstrate that an intense terahertz electric field transient accelerates the massive Diraclike fermions in Bi from classical Newtonian to the relativistic regime; the electrons are accelerated approaching the effective "speed of light" with the "relativistic" beta β = 0.89 along the asymptotic linear band structure. As a result, the effective electron mass is enhanced by a factor of 2.4.
1
. The strong central force caused by the highly charged core in a Bi atom gives rise to the strong spin-orbit coupling 2 . As a result, Bi crystals become a semimetal with a very small electron mass and a Fermi wave-vector with a non-parabolic band structure 3 . This peculiar band structure makes Bi crystal a prototypical material demonstrating various exotic physical properties, such as large diamagnetism 4 , strong Shubnikov-de-Haas effects 5 , and quantum size effects 6 . In spite of these fascinating characteristics, the transport dynamics of the highly accelerated electrons, in which drastic modulation of those exotic properties is expected, has not been revealed to date, partly because transport measurements with direct current could not be available due to the low melting point of Bi crystal (544 K): ohmic heat easily melts the crystal structure of Bi.
The conduction electrons in Bi can be described by the extended Dirac Hamiltonian by applying a k·p perturbation theory around L point in the Brillouin zone; it has an asymmetric hyperbolic dispersion around the band bottom with an extremely small electron mass, whereas it approaches a linear band dispersion at high energy region [7] [8] [9] . Therefore, Bi is a showcase to examine the electron transportation dynamics from classical Newtonian to the relativistic picture via strong acceleration of electrons. Schematic of the band structure described above is shown in Fig. 1 , together with the Brillouin zone of Bi. Here, the "speed of light" for the Dirac-like electrons is defined by the gradient of the asymptotic hyperbolic dispersion of the Dirac-like cone at L point.
In the present study, we used a high quality crystalline Bi (001) thin film, evaporated on a Si (111) substrate with 7 × 7 reconstructed surface (see the Specimen Preparation section in Methods). In order to access the electron transportation dynamics of the Dirac-like electrons in Bi, we utilized terahertz Scientific RepoRts | 5:15870 | DOi: 10.1038/srep15870
(THz) time-domain spectroscopy, which is free from thermal effect. To achieve full acceleration of the Dirac-like electrons in Bi, we used a strong electric field transient with a sub-picosecond pulse duration and a maximum electric field of 130 kV/cm which was generated from a LiNbO 3 single crystal 10 . Figure 2a shows the experimentally observed electric field waveforms transmitted through the air, bare Si substrate, and the 40-nm-thick Bi film on Si substrate with maximum electric field intensities of 130 and 13 kV/cm. Because of the THz-induced transient current, the transmitted THz waveform through Bi becomes smaller compared with that through the substrate. Further, as shown by arrows to visualize the magnitude of the transmittance, Bi becomes more transparent for the large maximum THz electric field. In order to examine this behavior, we investigated the THz transmittance as a function of field strength in detail, which is summarized in Fig. 2b . Here, the transmittance is averaged over 0.4-1.1 THz, through Bi film on Si substrate relative to that through the bare Si substrate. As shown by circles in Fig. 2b , the transmittance increases as the THz electric field increases. By applying a conventional Drude model to the experimental results, we expect that either the electron density becomes smaller or the effective mass of the electrons becomes larger with increasing the applied electric field strength. However, the model cannot explain these parameter changes at all, since as it only deals with a linear response of the electrons. Since the transmittance strongly depends on the field strength, the observed phenomenon requires a comprehensive model which covers the whole range of THz field strengths.
To highlight the underlying physics of the electron dynamics in Bi, we assumed an isotropic Dirac Hamiltonian, since Bi possesses a three-fold rotational symmetry around the c-axis. The electron dynamics against an electromagnetic field with a polarization ⊥ E c-axis is, therefore, expected to be symmetric, governed by the lowest electron mass of
e (m e is the free electron mass in vacuum) in the binary direction. We also assumed that the electromagnetic response of holes could be negligible, since the effective mass is sufficiently large relative to that of the electrons 11 . The interband excitation is also neglected, since the bandgap at L point (40 meV at room temperature) of Bi is considerably larger than the photon energy of the applied THz electric field (2 meV) 12 ; the multi-photon absorption process due to 20 photons can be excluded. It is also noteworthy that the observed THz-induced transparency contradicts with the increase of the carrier density due to the multi-photon absorption process.
The equation of motion for the electrons in Bi under an electromagnetic field is
where p(t) is the kinetic momentum of electrons, Γ is the damping constant, e is the elementary charge, and
is the electric field at the film transmitted through the specimen. Here, E in (t) and E em (t) are respectively the incident and emitted (or radiated) electric fields from the specimen 13 . Since the thickness of the specimen (d = 40 nm) is much smaller than the wavelength of the applied THz field (λ ≈ 600 μm), all electrons in the specimen undergo the same driving field E tr (t) 14 . Based on the thin film approximation, E tr (t) is described by the induced current as
where Z 0 (≈ 377 Ω ) is the impedance of free space and j(t) = − nep(t)/m * (t) is the current density of the Bi film, while n is the electron density and m * (t) is the effective mass. The electron effective mass on the non-parabolic band structure is
where E is the energy in the band structure, which can be approximated by a hyperbolic curve (see Fig. 1 ). Analogous to relativistic mechanics, the energy can be expressed as
where m 0 is the "rest mass", and c is the "speed of light" in the − E p space 17 , 18 . Here, the "rest energy" m c By using these equations under the incident electric field E in (t) with a known quantity without any fitting parameter, the time dependent p(t), j(t), and E tr (t) can be obtained. Since the second term on the right hand side of Eq. (5) is nonlinear in kinetic momentum, we expect nonlinear dynamics for the Dirac-like electrons in Bi. In particular, the "relativistic" effect can be explicitly observed when sufficiently strong THz electric field is applied. From ref. 19 , c in Bi is estimated to be 5 × 10 5 m/s, which is three orders of magnitude smaller than that in vacuum. Therefore, the required field strength for the observation of the relativistic effect is significantly reduced compared with electrons in vacuum; the electric field of 100 kV/cm is enough for the observation. Furthermore, using the above equations, we can evaluate β = v/c to quantify the deviation from the Newtonian mechanics, where v is the velocity of electrons defined from Eq. (3) 
By using the aforementioned model and the observed electric field waveform transmitted through the air, E in (t), we could calculate the transmitted THz waveforms through Si substrate and the Bi film on it. Details of the calculation are listed in the Calculation section of the Methods. As is shown in Fig. 2a , the calculated THz waveforms reproduce the experimental ones, both in shape and strength, showing that our model can describe the relativistic and nonlinear dynamics of electrons in Bi with no adjustable parameters. Further, the observed increase in THz transmittance is well reproduced by the calculation, as shown by a solid curve in Fig. 2b , indicating that the induced nonlinearity originates from the Dirac-like electrons in Bi. We estimated the maximum electric-field dependence of the effective mass as shown in Fig. 2c . Above ~100 kV/cm, the maximum effective mass increases linearly, as is expected from the denominator of Eq. (3). The effective mass is increased by a factor of 2.4 at the maximum electric field of 130 kV/cm. Figure 3a -c show the summary of the calculated time evolution of β, normalized effective mass, and kinetic energy under the intense electric field transient with a maximum field of 130 kV/cm. The physical parameters in Fig. 3a-c reach their maximum at t = 0.8 ps, at which the electric field becomes the strongest. The intense THz field transient significantly modulates β from classical Newtonian (β = 0) to the relativistic region (β = 0.89). Furthermore, the electrons are excited up to 28 meV from the bottom of the band by the intense electric field transient, whose energy is 1.4 times larger than that of m c 0 2 (20 meV). Considering the small photon energy of the THz electric field (2 meV), the total energy given to the electrons via the kinetic momentum is correspondingly high. Figure 3d shows the calculated displacement of electrons in real space. The electron goes up to − 260 nm at 1.2 ps, and subsequently, comes back to − 80 nm. Note that the final stable position of the electron, after passing through the THz electric field transient, is not zero. The electron effective mass becomes heaviest at t = 0.8 ps under the intense THz field, and as a result, the electron becomes hard to move, leading to the shorter trip distance. The − 260 to + 50 nm displacement is fairly large; however, the flat-homogeneous area of the crystalline Bi film is large enough for this displacement to be valid 20 . We also note that we could not observe any THz-induced transparency in polycrystalline Bi thin films. The use of the high quality Bi film with a large homogeneous area is crucial for observing the electron acceleration with large nonlinearity. Finally, the calculated temporal motion of the electrons in the − E p space is summarized in Fig. 3e . The intense THz electric field drives the electrons far above the Fermi energy of the Dirac-like band. As shown in Fig. 3e , this makes the electrons swing back and forth between the classical Newtonian and "relativistic mechanics" along the binary direction at L point. Direct measurements of the electron current and speed are our next target for further elucidating the acceleration of the Dirac-like electrons 21 .
In conclusion, we have demonstrated the acceleration of the Dirac-like electrons in high quality single-crystalline Bi thin film using intense THz electric field transient. The electrons were accelerated up to near the c with β of 0.89 along the almost linear band structure of Bi, in which the "relativistic dynamics" dominates the motion of electrons. As a result, the electron mass is enhanced by a factor of 2.4. We believe that our work opens the door for investigating strong coupling between Dirac-like electrons and electromagnetic radiation, and further, for understanding the solid-state analogue of relativistic mechanics and the massive Dirac dispersion.
Methods
Specimen Preparation. We prepared a semimetal Bi thin film (001) with 40-nm-thickness using molecular beam epitaxy (< 10 −7 Pa). The film was deposited on a Si (111)-7 × 7 reconstructed surface 20 , and post-annealed at 350 K to improve the crystallinity. Because of the approximate lattice matching of the Si surface with lattice constant of Bi, we could obtain a highly flat single-crystalline Bi film, whose quality was evaluated by a RHEED measurement and an atomic force microscope (AFM). Highresistivity Si is used as the substrate to avoid a nonlinear effect of the substrate under intense THz field irradiation 
